The present work addresses the competition between dislocation plasticity and stress induced martensitic transformations in crack affected regions of a pseudoelastic NiTi miniature CT specimen. For this purpose X-ray line profile analysis was performed after fracture to identify dislocation densities and remnant martensite volume fractions in regions along the crack path.
Introduction
NiTi shape memory alloys (SMAs) are functional materials which undergo martensitic transformations [1, 2] . Depending on the Ni-content, they can show the one way effect (1WE) and pseudo-elasticity (PE) [1] [2] [3] [4] . SMAs are used in engineering and medical technology [5, 6] , with good static [7] [8] [9] and cyclic toughness [10] [11] [12] [13] . Fracture mechanisms in PE SMAs are of recent interest [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Gollerthan et al. [15] [16] [17] used compact tension (CT) specimens to study the behavior of cracks in NiTi SMAs. Their experiments focused on the formation of the pseudoelastic zone around the crack tip and showed that cracks always propagate into microstructures consisting of favorably oriented martensite variants. Synchrotron experiments revealed that stress induced martensite forms in a region extending almost 2 mm at the front of the crack tip [16] . Thermography experiments showed the heat effects associated with the forward and reverse martensitic transformations [16, 17] . The synchrotron experiments revealed the butterfly shaped elastic strain distribution around the crack-tip [19] . Finite element calculations of the PE zone around the crack-tip support the experimental results, e.g. [14, [21] [22] [23] [24] [25] [26] .
Forward transformation during loading improves fracture toughness and reduces the size of the stress affected zone in front of the crack-tip [14, [21] [22] [23] [24] [25] [26] . Reverse transformation during unloading can counteract this toughness enhancement [25, 26] . Figure 1 . shows the schematic sequence of the main steps in testing fracture [15] . Above the critical stress intensity, K I *, the crack starts growing. Figure 1a shows the dimensions of our CT specimen. For 0<K I <K I * only the grips are strained. The crack propagates when K I >K I *. Figure   1c . shows the crack before rupture, and 1d. shows the ruptured state. To understand crack propagation in SMAs we have to understand stress induced martensitic transformation along with dislocation plasticity in the stress affected zone ahead of the crack-tip.
In the present work we investigate the ruptured CT-specimen shown in Figure 1d . using X-ray line profile analysis. We determine the extension of the true plastic zone around the primary crack-tip by determining the dislocation density in the plastically deformed material and the volume fraction of irreversible martensite as a function of the distance from the pre-cracked primary crack-tip and the depth below the fracture surface. We show that adjacent to the fracture F o r P e e r R e v i e w surface, where stress-induced martensite does not transform back to austenite, (i) the irreversible martensite is stabilized by enhanced dislocation densities in the austenite and martensite components and (ii) that this zone is about one order of magnitude smaller than the pseudoelastic zone determined by in-situ synchrotron experiments on similar specimens [14, 16] .
Experimental

Sample
The present work was performed on a pseudoelastic NiTi material, described in more detail in references [15, 16] . We used CT specimens of 50.7 at.% Ni showing pseudoelastic behavior at room temperature. A sharp crack-tip of about 1.08 mm length was produced by fatigue precracking. The crack propagation tests and conventional tensile tests were carried out in a tensile test machine of type Z100 equipped with a climate chamber to ensure a constant temperature of 20°C. Displacements were determined using an extensometer of type MTS 632.13F-23. A typical stress-strain curve of our material is shown in Figure 2a . The stress-strain plateaus in Figure 2a correspond to the formation of stress induced martensite during loading and to the reverse transformation during unloading. The displacement controlled load-displacement, P-∆, curve of our specimen is shown in Figure 2b . The figure shows a short stable crack-growth region, denoted as II. This is followed by the fast unstable crack-growth region III, where the load drops abruptly. In the last region, IV, the force is mainly compressive. Here the stress state is complicated which we do not interpret in the present work.
The in-situ synchrotron experiments in [15, 16] were done at 2860 N, below the critical load, where K I <K I *. The volume fractions of the pseudoelastic transformed martensite are shown in Figure 7a . in reference [16] . A section of this figure is shown in Figure 3a . The primary crack-tip is indicated by the first vertical arrow on the left. The post-mortem microbeam laboratory X-ray diffraction experiments were carried out at three positions along the fracture surface indicated by the three vertical arrows in Figure 3a and repeated below the fracture surface shown schematically in Figure 3b . 
X-ray diffraction
The X-ray diffraction experiments were carried out using a double-crystal diffractometer with a symmetrically cut plane Ge primary monochromator using the (220) reflection [27] . The Nonius FR 591 rotating copper anode was operated at 4 kW with a fine line focus of 0.3 × 3 mm 2 true focal size. A narrow slit in front of the monochromator was adjusted to eliminate CuKα 2 radiation. After the monochromator a second slit of 0.2×2 mm 2 , close to the specimen, blocks parasitic scattering from the monochromator and reduces beam divergence normal to the incidence plane. The distance between the X-ray source and the specimen was 460 mm. This setup provides a monochromatic and almost parallel beam with a divergence less than about 0.025° in the plane of incidence. The footprint of the beam on the specimen was about 0.2×2 Since, in the present case, the narrowest diffraction peaks in all measured diffraction patterns were at least one order of magnitude broader than the instrumental breadth of 0.057°, there was no need for instrumental corrections. The position of the X-ray beam on the specimen surface was determined by using a low depth-resolution microscope coupled to a TV-screen.
At first the virgin fracture surface was measured. After finishing the three diffraction patterns at the three positions, the specimen was successively chemical etched to measure the diffraction patterns at different depths from the fracture surface as shown schematically in Figure 3b Figure 4 shows the measured depths after layer removal. . The CMWP procedure has the option to evaluate more than one phase in parallel. This is used to determine the microstructure in the austenite and the irreversible martensite phases separately and simultaneously.
Evaluation of the dislocation density
The Fourier transform of the strain profile can be written as [30] :
where g is the absolute value of the diffraction vector, L is the 
Evaluation of the volume fraction of the remnant martensite
The volume fraction of the irreversible martensite was determined as the ratio of the sum of peak areas of the 1 ത 01, 101, 11 ത 1, 020 and 012 reflections of the B19' phase relative to the peak area of the 110 peak of the B2 phase. The B19' volume fraction at the fracture surface at the crack tip was adjusted to the value corresponding to the dark-brown region in Figure 
Results
Representative measured and CMWP calculated diffraction patterns are shown in Figure 4 . The diffraction pattern measured on the fracture surface at the primary crack-tip is shown in Figure   4a Figure 4c and 4d, respectively.
The depth profile of the dislocation density, ρ, in the B19' remnant martensite phase is shown in Figure 5a . . The large experimental error in this depth range is due to the very low martensite fractions decreasing to less than 5 %, see Figure 6a . The depth profile of ρ in the B2 austenite phase is shown in Figure 5b and 5c in linear and logarithmic scales, respectively.
Figure 5b shows that ρ in B2 is very large at the fracture surface and decreases rapidly with depth. Also, ρ is considerably smaller at the primary crack-tip along the fracture surface than at the far end from it. The logarithmic scale figure (5c) reveals that (i) at the primary crack-tip The depth profile of the relative change of the volume fraction, f, of the remnant martensite is shown in Figure 6a . The figure shows that (i) f decreases almost to zero at a depth of about 60 µm The depth profile of <x> area , in the remnant martensite is shown in Figure 6b . In plastically deformed bulk materials the X-ray determined <x> area values best correlate with the subgrain size, which is usually smaller than the grain size in the material [39, 40] . Therefore, next we will call <x> area the subgrain size. In B19' it is between 6 and 8 nm at the fracture surface. It reveals a maximum halfway between the primary crack-tip and far end of the specimen at a depth of ∼15 µm. At the depth of 30 µm goes down to about 5 nm. Below 30 µm the subgrain size values become uncertain because of the low volume fraction of B19'. The depth profile of the subgrain size in B2 is shown in Figure 6c . It is of the order of 5(±2) nm, at the primary crack-tip and gradually increases to a somewhat larger value of about 40(±10) nm with depth and distance from it.
Discussion
Correlation between dislocation densities and the fraction of remnant martensite
In-situ synchrotron X-ray diffraction experiments in [16, 19] have shown that martensitic transformation extends as deep as ±2.5 mm from the fracture surface. The spatial distribution and the volume fraction of martensite transforming during loading is shown in Figure 3a (by courtesy from [16] ). The present X-ray diffraction experiments were carried out on the fractured specimen and therefore all detected martensite is obviously remnant martensite. The fraction of irreversible martensite, shown in Figure 6a , drops fast to low levels smaller than about 10(±4)% at depths lower than 30 µm from the fracture surface. A comparison of Figures 6a and 5a indicates that there is a strong correlation between the fractions and the dislocation densities in the remnant martensite phase. The high dislocation density in the B19' phase suppresses the reverse transformation to austenite, which is expected while the CT specimen is unloaded during crack propagation and the final fracture. At the same time, the dislocation density in the austenite phase seems to be in anti-correlation with the remnant martensite fraction, as indicated by comparing
Figures 5b and 6a. Crack propagation and the formation of irreversible martensite are interpreted in terms of the load-displacement, P-∆ behavior, shown in Figure 2b . According to the deformation rate we define four characteristic sections: (I) an almost linear section where the load increases up to its maximum at about ∆≅800 µm, (II) a plateau region with constant load where ∆ is about 800<∆<920 µm, (III) a short decrease of the load where ∆ is about 920<∆<950 µm, and (IV) above ∆≅950 µm, where the load drops abruptly and the specimen breaks. Loading was performed displacement controlled and therefore the lengths of the regions are proportional to the time intervals in which the microstructural processes under investigation take place, especially in the first three regions. In region I the grips of the CT specimen are strained elastically and the load on the primary crack-tip increases. In region II, as suggested in [16] , the crack propagates along with martensite formation of the specimen. Martensite formation in an extended volume around and in front of the crack was verified experimentally by the in-situ X-ray diffraction experiments in references [16] and [19] . These in-situ experiments proved that after unloading the strain-induced martensite transforms back to austenite. This is shown in Figure 12a in [16] where no traces of the transformed martensite diffraction peaks were observed. In region III the load drops within an extremely short displacement path of the grips. According to crack-growth terminology [19] , stable crack growth occurs in region II, whereas region III represents unstable crack-growth. The fracture test was conducted by displacement control at a displacement-speed of 8.33×10 -7 m/s [16] . Figure 7b is the enlarged part of the load-displacement plot, where the displacement scale, ∆, is converted to time scale. It is plausible to assume that slow and fast crack propagation occurred in the stable and unstable crack-growth regimes, i.e. in region II and in region III, respectively. We assume further that the stable and unstable crack-growth regions correspond to the regimes where substantial whereas somewhat smaller amounts of remnant martensite were detected. Figures 6a and 7a indicate that the lengths of these two regions are about 500 µm and 3 mm, respectively. Beyond about 3 mm from the primary crack-tip, at the far end of the specimen, the CT-specimen loading is compressive which is not discussed here. The time periods corresponding to the stable, regime II, and unstable, regime III, crack-propagation, taken from Figure 7b , are about 120 and 25 seconds, respectively. These values provide crack- are taken from the uncertainties of the boundaries of regimes in Figure 7b .
The in-situ synchrotron and the post-mortem laboratory X-ray diffraction experiments revealed two different, however, complementary aspects of the forward and reverse transformation of stress induced martensite in pseudoelastic SMA. The synchrotron experiments [16, 19] revealed the static spatial extension of transformed martensite when the load was below the critical level for crack propagation. These experiments have shown that after unloading martensite transforms completely back to austenite. The present post-mortem depth profiling experiments revealed the presence of about 30 % irreversible martensite extending into a depth of 15 to 20 µm below and about 500 µm along the path travelled by the crack tip in the stable crack-propagation regime. In the unstable crack-propagation regime only about 10 % or less remnant martensite could be found, which, however, extends to a deeper depth of about 60 µm from the fracture surface. As mentioned before, the spatial distribution of remnant martensite correlates with the dislocation density in the same, B19', phase, however, it is in anti-correlation with the dislocation density in the parent, B2, austenite phase.
We interpret our results by taking two factors into account: the amount of stress σ at the primary crack-tip during crack propagation and the effect of strain-rate (SR) on pseudoelasticity. NematNasser et al. [41, 42] NiTi-SMAs was estimated to be SR critical ≅1000 s -1 [42] . Using similar techniques Guo et al. [43] found that at very high SRs the stress-induced pseudoelatic martensite formation becomes completely suppressed. The results of the present work are interpreted on the basis of a scenario where crack extension rates strongly increase, as the crack moves through regimes II to IV. This leads to different stress distributions in front of the propagating primary crack-tip. Figures 7c and 7d show the two different stress field distributions in regimes II and III schematically, as the crack propagation proceeds. Figure 7c shows the situation for the entire crack-path range, as long as the crack proceeds in regime II. Here a short crack with stable and slow crack propagation is assumed.
Close to the primary crack-tip there is a zone consisting of plastically deformed, detwinned martensite extending over about 500 µm. This true plastic zone is associated with the yield stress of stress-induced martensite, σ Y-SIM . The lower stress plateau, σ SIM , where stress-induced martensite forms, is the pseudoelastic zone where stress-induced martensite is present which, however, is plastically undeformed. Towards the end of regime III, the austenite phase is elastically loaded. As soon as the crack tip moves on and leaves regime II, the loading stresses are drop down. In all regions along the crack path, at first the stresses increase, followed by stress relaxation. In the early stages of crack propagation this stress increase and subsequent decrease is slow.
The situation changes completely when the crack proceeds into regime III. Here crack propagation becomes unstable and fast. The far field stress distribution is still elastic and does not differ from the situation in Figure 7a . As stresses increase beyond σ SIM , indicated by the dashed horizontal line for the lower stress plateau in Figure 7a , martensite starts to transform. The large 
Conclusions
In the present work the fracture surface regions of a broken miniature pseudoelastic NiTi CT specimen were investigated, along which the crack tip propagated during the fracture mechanics experiment. X-ray line profile analysis was used to study the amount of martensite and the density of dislocations.. Along the fracture surface, three locations were monitored, one close to the tip of the original fatigue pre-crack, one in the center of the fracture surface and one at the far of the specimen. Careful step by step etching was used to remove thin layers of material parallel to the fracture surface in order to determine the depth profile of remnant martensite fractions and the dislocation densities in austenite and martensite. The results of the present study allow the following conclusions:
(1) X-ray line profile analysis can be used to identify the part of the stress affected zone in front of a crack tip which is due to dislocation plasticity (true plastic zone size). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w (2) Our results clearly show, that the remnant martensite phase in front of the crack tip of the pseudoelastic material, which does not transform back on unloading, is stabilized by large dislocation densities in the two phases.
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(3) Our X-ray results were correlated with the dynamics of the load displacement data from the fracture mechanics experiment. In the stage where loads increase or remain constant ( this is the regime of static loading and stable crack growth), we observe smaller stress affected zones with higher dislocation densities and higher amounts of remnant martensite. In contrast, in regions where the load decreases but the speed of crack-propagation increases (unstable crack growth, fracture), pseudoelastic martensite formation becomes inhibited.
(4) The spatial extension of regions with remnant martensite are about one order or magnitude smaller than the volume affected by the formation of stress induced martensite during crackpropagation as observed by Gollerthan et al. [16, 19] .
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